The heat transfer characteristics of the PRHR (passive residual heat removal) HX (heat exchanger) are very important to reactor design and safety assessment of AP1000. The purpose of the present experiment was to obtain the natural circulation data in HX to research the heat transfer behavior. The PRHR HX was simulated by three C-type tubes with prototype sizes immerged in a cooling tank. Separate-effect tests of natural circulation in HX tubes have been performed within wide conditions which could cover the operation conditions in AP1000. The experiment provided lots of important data to indicate heat transfer phenomena of PRHR HX. The test conditions were calculated by RELAP5/MOD3.3. The calculation results agreed well with the experiment. RELAP5 could be applied with proper correlations to analyze the heat transfer in PRHR HX under the test conditions.
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Introduction
The PRHR (passive residual heat removal) HX (heat exchanger) is an important emergency core cooling system of AP1000, which can remove the core decay heat by the coolant natural circulation as a result of the different water density. The temperatures between two sides of the PRHR HX tubes differ greatly, and change in a wide range. Many kinds of single-phase and two-phase flow patterns and heat transfer modes are involved. Especially in natural circulation, the flow dynamic characters differ remarkably with the forced circulation because of the
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low flow rate and the great influence by buoyancy. The complex heat transfer characteristics are critical to the performance of PRHR system. Therefore, the HX heat transfer behavior is very important to reactor design and safety assessment.
In America, several tests for PRHR HX in AP600 have been performed to study the heat transfer behavior. The HX was simulated by a test section which consisted of three vertical parallel tubes with no horizontal sections. The heat transfer has been researched between vertical tubes and the cooling tank [1] . However, a PRHR HX tube is in C shape and consists of a middle vertical section, a top horizontal section and a bottom horizontal section. A majority of heat is transferred through the top horizontal section. Besides, the PRHR HX heat transfer area in AP1000 is increased with more HX tubes and longer horizontal sections of tubes. A higher proportion of heat is transferred through the horizontal section in AP1000 than in AP600 [2] . So it's necessary to simulate the natural circulation in C-type HX tubes and research the complicated thermo-hydraulics phenomena in the AP1000 PRHR HX.
In our research, PRHR HX separate-effect tests were performed on a PRHR HX test facility, which consisted of three C-type tubes with typical sizes in AP1000. The experiment purpose was to obtain the natural circulation data, research the HX heat transfer, and develop proper analysis method. The experiment conditions could vary in a wide range covering the operation conditions in AP1000. The test facility could obtain data including the inner-tube water temperatures, the wall surface temperatures along the tubes, the pool water temperatures, the flow rate in tubes and so on. Several tests have been performed for natural circulation in tubes. And the experimental results were compared with the calculations by RELAP5/MOD3.3.
Test Facility
The PRHR HX test facility was designed to perform heat transfer tests of both natural and forced circulation in HX tubes. The flow path of the test facility was designed in Fig. 1 . The main devices of the facility included a PRHR HX test section, a canned pump, a heater, a circulation pump, a heat exchanger in secondary side, a pressurizer, a high water tank, a low water tank, a lift pump, a make-up pump and a spray pump.
There were three C-type tubes in the facility with the same size as the ones in AP1000. According to AP1000, there are 689 HX tubes (Φ 19.05 × 1.65 mm) and the design coolant flow rate is 2.28 × 10 5 kg/h [3] .
So the max design flow rate of three tubes should be 0.276 kg/s. In our facility, the design flow rate was up to 1.2 kg/s which could cover the typical flow rate of the PRHR. By adjusting the motor-driven valves VCO103, VAJ101 and VAJ102 in the primary loop, the system resistance could be controlled, so that the test flow rate could be changed. A mass flow meter was installed in front of the heater to measure the flow rate in the primary loop. In AP1000, the PRHR HX is operated in 15.5 MPa, and the design pressure is 17 MPa. The inlet temperature of HX tubes is 297.2 °C, while the outlet temperature is 92.8 °C [3] . The test facility preserved the full temperature and pressure conditions, and varied over the expected range for AP1000. The inlet water temperature could be adjusted by controlling the heating power of the heater. And the primary pressure was controlled by the pressurizer and the make-up pump.
The PRHR HX test section was the key device of the facility. It consisted of three C-type tubes, a cooling tank and instruments such as thermocouples. The C-type tubes immerged in the cooling tank which simulated the IRWST. When the high temperature water flowed through the tubes, the HX test section transferred the heat from the primary system to the cooling tank by heating and boiling the water in the tank.
The main technical parameters of the test section were shown in Table 1 . 
An Ex
Fig. 1 Flow
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The tubes were connected to the primary system pipes by two connectors as shown in Fig. 2 . A connector consisted of a vertical cylinder tank and four nozzles as shown in Fig. 3 . A top vertical nozzle was used for venting. Three horizontal parallel nozzles were used to connect with the HX tubes respectively. A single horizontal nozzle was used to connect with the primary pipe. The top connector was connected with the outlet line of the heater. The heated water flowed out of the heater and into the test section through the top connector, then out of the test section through the bottom connector. When the high temperature water flowed through the tubes, the C-type tubes transferred the heat from the primary system to the cooling tank by heating and boiling the water in the tank. The inner-tube natural circulation was developed from the density difference between the cold water in the outlet line and the hot water in the inlet line. The top connector was about 10.5 m above lowest point of the test loop, so the max circulation height was 10.5 m.
Cooling Tank
In America, several tests for PRHR HX in AP600 have been performed. The results indicated that when the space between adjacent tubes was large enough, the thermal effect was independent to each other. Typical P/D (pitch-to-diameter) ration was 1.3 to 1.5, and in AP600 it was 2 for adjacent tubes. The tests also indicated that when the distance between the tube and the tank wall was large enough, the thermal effect by the tank wall could be ignored [1] . Therefore, in our test facility, the IRWST was predigested to a cylinder tubular tank, as shown in Fig. 2 .
The cooling tank consisted of three parallel vertical tubes connected to a top and bottom horizontal tube. Each vertical tube of the tank respectively contained one vertical section of the HX tubes, while the horizontal tube of the tank contained three horizontal sections of the HX tube bundle. The size of the horizontal tubes was Φ 325 × 3.5 mm, and that of the vertical tubes was Φ 219 × 3.5 mm. The distance between the tank wall and the HX tubes was much larger than 38 mm, so the tank size would not affect the heat transfer from the HX tubes to the cooling water, which meant that the predigested cooling tank was feasible.
The secondary cooling water flowed into the cooling tank from the inlet at the bottom, and left it from the outlet on the top flange cover. There was another outlet for the cooling water overflow. In order to observe the heat transfer phenomena in the tank, there were two windows on the tank. 
Thermocouples
In the test section, many temperature data needed to be acquired, including the inner-tube water temperatures, the wall surface temperatures along the tubes and the pool water temperatures.
In order to measure the water temperature in tubes, several thermocouple traps were mounted into the tubes. A thermocouple trap was made of a Φ 3 × 0.5 mm seamless stainless steel tube with one end closed and the other open. Several sheathed thermocouples of 0.5 mm diameter were inserted into the trap from the open end. The thermocouple traps were inserted into and welded to the HX tubes, and supported in the centre of the tubes. By this way, it was assured that the thermocouples measured the centre temperature in the HX tubes. In order to minish the trap influence on the flow in HX tubes, the trap size should be as small as possible. However, there were 10 thermocouples to be installed in A tube, 12 in B tube, 13 in C tube. In order to contain so many thermocouples, the trap size was designed to be Φ 3 × 0.5 mm. Because of the thermocouple traps, the flow cross section in the HX tubes was reduced by 3.6%, which could be accepted.
Several thermocouples were welded on the outer wall surface of the HX tubes to measure the wall surface temperatures. There were 10 thermocouples on A tube, 14 on B tube, 13 on C tube. Each thermocouple on the wall surface was located between two thermocouples inside the HX tubes.
Besides, 18 thermocouple traps were inserted into and welded to the tank. One thermocouple was installed in each trap to measure the pool water temperatures.
Test Procedures
Before the natural circulation test started, close valve VAJ101 and VAJ102 to isolate the canned pump from the test loop. Make sure valve VCO103 open. Open valve VHO202 and VHO203, and start the lift pump to pump the water in the low water tank to fill the high water tank. When the high water tank overflowed, shut down the lift pump, and turn off the valve VHO203. Turn on valve VHO105, VHO104 and VHO 204. Because of the gravity, water in the high water tank filled the test loop including the pressurizer, primary pipes and the cooling tank.
When the test loop was full of water, turn off valve VHO105. Feed nitrogen gas into the pressurizer, and start the make-up pump to increase the primary system pressure to the test condition. Then start the heater, The natural circulation test in HX tubes was a steady test. When the system was stable, the computer began to record the test data every second including the inner-tube water temperatures, the wall surface temperatures along the tubes, the pool water temperatures, the flow rate in the primary loop, the heating power and so on.
Test Results and Analysis
The purpose of the PRHR tests was to provide a database to research the heat transfer behavior inside and outside of the PRHR tubes. In our tests, the parameters covered the primary pressure of 2.0-15. 5 MPa, the quality in tubes up to 0.2, the inlet water temperature of 150-323 °C, the mass flow rate of 0.15-0.4 kg/s and the heating power of up to 364 kW. The test conditions could cover the operation range for PRHR HX in AP1000.
The PRHR HX had several different modes of heat transfer. When the power of the heater was not large enough, water out of the heater could not achieve the saturation temperature. So the heat transfer inside the HX tubes was natural convection. When the power was large enough, the primary water out of the heater was supersaturated. So the heat transfer was nucleate boiling inside tubes. Outside the tubes, the heat transfer was boiling and natural convection in pool. RELAP5/MOD3.3 has been used to model the test facility, simulate the heat transfer inside and outside of the HX tubes and assess the calculation model. There were 3 inner-tube natural circulation test conditions calculated in Table 3 .
Heat Transfer in the Tube
The heat transfer was natural convection or condensation in the HX tubes depending on the heating power. In RELAP5, the heat transfer coefficient could be calculated by Dittus-Boelter correlation for single-phase liquid turbulent forced convection [6] [7] [8] , which is given as: In our tests, Prandtl number was between 0.8 and 3.2, Reynolds number was above 18,000, and
Though it was natural circulation in tubes, the Reynolds number was very large. Therefore, it was turbulence in tubes, and Dittus-Boelter correlation was chosen in RELAP5 for heat transfer coefficient calculation in these test conditions. In RELAP5, the heat transfer coefficient could be calculated by the maximum of the Nusselt and Shah correlations for condensation [6, 8] .
The Nusselt expression is given as:
where, Nusselt h means the heat transfer coefficient,  means film thickness. The Shah correlation is given as:
where,
and X means static vapor quality, red P means reduced bulk pressure, sf h means the superficial heat transfer coefficient.
In RELAP5, input the pressure, inlet temperature, the heating power, the mass flow rate and the pool temperature distribution as the boundary conditions, the inner-tube temperature distribution along the tube length could be calculated. The test results and the calculation results of three tubes have been shown in Figs. 4-6. From all the test results, it can be indicated that the major heat transfer took place at the upper horizontal section of the tubes. Along the tube length, the inner-tube temperature decreased because of the secondary cooling water. Near the inlet, the fluid temperature was high, the heat transfer coefficient and the heat flux were large, so the primary temperature decreased quickly. Along the tube length, the heat flux decreased and the inner-tube temperature dropped gradually slowly.
The test results also indicated that the inner-tube temperature of the upper tube was higher than the bottom one at the same distance from the inlet. That was because in the horizontal section, the temperature of the upper tank water was higher than the bottom, so the heat flux of the upper tube was smaller than the bottom tube.
During the two-phase flow tests, there was two-phase flow instability phenomenon in HX tubes. When the water out of the heater was supersaturated, there was two-phase flow in the HX tubes. The primary system pressure and the natural circulation flow rate fluctuated strongly. That is because in the finite space of the close loop, the quality increase caused the loop pressure rise. With the pressure rise, the water saturation temperature rose, which resulted in the quality and the primary pressure dropped. In order to perform the stable tests, turn down valve VCO103 to increase the system resistance. When the system resistance was large enough, the primary pressure stopped fluctuating and the system became stable. The test results were shown in Fig. 6 .
As Figs. 4-6, the comparison between the test data and the calculation results indicated that in both single-phase and two-phase heat transfer conditions, the calculated inner-tube temperatures of three HX tubes agreed well with the test data. Therefore, it can be concluded that Dittus-Boelter, Nusselt and Shah correlations could be applied in RELAP5 to calculate the heat transfer inside the tubes within the test conditions.
Heat Transfer in the Cooling Tank
There were two heat transfer modes outside of the HX tubes: boiling and natural convection, which depended on the tube-wall temperature. Boiling occurred at the horizontal sections of the HX tubes. Near the HX tube inlet, the tubes had sufficient wall superheat ( ), so the local nucleate boiling occurred. Along the tube length, the wall temperature dropped because of the secondary cooling water. 
Conclusions
According to the inner-tube natural circulation experiment research of PRHR HX for AP1000, it can be concluded that: (1) 
